degeneration ("stage S" and "stage E" yellow f a t diseasc). This different phosphatase activity i n thc sitme cell t y l x may result from phagoc! tosis o f substrates with variable digestibility.
Macrophages directly surrounding affected tiit cells in steatitis iireiis ("stage S" and "stage E") had strong acid phosphatase and 5-nucleotidase activity. As i n the pig, increased 5-nucleotidase activity was found in affected fat cells, which probably indicates plasma membrane damage.
Increased nonspecific esterase activity occurred around affected fat cells. Only ;I small part of this esteriise activity originated from inflammatory cells. This indicates that a n increase of esteriise activity in degeneriiting adipose tissue m a y be ail endogeneous process in this tissue.
In a preceding study on natural cases of porcine yellow fat disease in a terminal stage [3] there were enzyme-histochemical changes in affected adipose tissue. Strong 5-nucleotidase activity was seen in degenerated fat cells and there was greater than normal, nonspecific esterase activity in fat cells that may have been slightly degenerated. Macrophages in areas of steatitis had strong acid phosphatase and 5-nucleotidase activity. Since these enzymes are associated with different cell structures and damage to these structures can result in increased enzyme activity, the enzyme-histochemical changes were considered to be of pathogenetic significance.
In fish oil-induced yellow fat disease in mink [4] an early stage was characterised by interstitial lipofuscin-laden macrophages in adipose tissue without fat cell degeneration. The enzyme-histochemical characteristics of adipose tissue in this early stage were different from those of porcine yellow fat. The macrophages had 12s a weak acid phosphatase and 5-nucleotidase activity and a strong nonspecific esterase activity. Enzyme activity of fat cells in affected and control mink was the same. Such different enzyme-histochemical characteristics of successive stages of yellow fat disease in pig and mink may have a pathogenetic significance and may indicate what part macrophages play and the sequence of fat cell involvement in this disorder. Because n o study was made of comparable stages of yellow fat disease in pig and mink, species-dependent differences could not be excluded. Therefore an experimental model was developed with the rat and changes in adipose tissue during the development of fish oil-induced yellow fat disease were studied [ 5 ] . As in mink, an early change with interstitial lipofuscin-laden macrophages without fat cell degeneration ("stage M") was seen in rats. Next came a small amount of fat cell degeneration ("stage S") which progressed to an extensive number of degenerated fat cells ("stage E"). In "stage S" affected fat cells were surrounded by many inflammatory cells (steatitis). In stage E there was fat cell degeneration with sparse inflammatory reaction (steatosis). I n "stage E" there was no fibrosis.
Materials and Methods
Three rats with yellow fat disease and three control rats were killed at various stages during the development of yellow fat disease which was induced a s described previously [5j. Adipose tissue samples were removed immediately and frozen in liquid nitrogen. Animal age, the stage of yellow fat disease development and the localisation of tissue sampling are indicated in table I . Serial sections for enzyme-histochemistry were cut at 12 micrometers in a cryostat. The enzymes studied were acid phosphatase 161, 5-nucleotidase [ 161 and nonspecific esterase (Naphtol-AsD acetate method) 171. To allow for a reliable comparison of enzyme activity. tissue samples from different stages of yellow fat disease were incubated in the same vessel. Parallel sections were incubated without substrates and the specificity of the 5-nucleotidase reaction was tested o n substrate specificity with Bglycerophosphate and with L (+) tartrate, an inhibitor of acid phosphatase activity. Rat liver sections were included as reference. To control the stage in the development of yellow fat disease, frozen sections o f each fat sample were stained with hematoxylin and eosin (HE) after fixation in formalin. Sections were embedded in aquamount and examined for fluorescence to determine site of cnzyme activity and lipofuscin simultaneously .
Results
Macrophages that were seen from the first stage of yellow fat disease ("stage M") without fat cell degeneration were called interstitial lipofuscin-laden macrophages. This macrophage reaction, without direct relation to damaged fat cells, occurred in all stages of yellow fat disease. The word "interstitial" was used to distinguish them from those lipofuscin-laden macrophages that surrounded degenerative fat cells.
Two weeks after weaning, rats had "stage M" yellow fat disease in the subcutaneous fat depot (table I ) . The interstitial lipofuscin-laden macrophages had weak acid phosphatase and 5-nucleotidase activity ( fig. 1 ). Nonspecific esterase activity in these macrophages was nil. The gonadal fat depot in rats of this age had slight fat cell degeneration next to the interstitial macrophages 
("stage S"). Affected fat cells usually had an irregularly shaped, autofluorescent vacuole ( fig. 2) and were surrounded by a large zone of inflammatory cells among which were lipofuscin-laden macrophages (steatitis). There was increased acid phosphatase, 5-nucleotidase and nonspecific esterase activity in this inflammatory zone. Dark granular deposits of acid phosphatase activity were seen within inflammatory cells ( fig. 3 ). Activity of 5-nucleotidase also was seen outside these inflammatory cells, thus the whole fat vacuole was surrounded ( fig. 4 ). In macrophages the intracellular localisation of both phosphatases was outside the pigment globules ( fig. 3, 4 ). Nonspecific esterase activity was seen in the few pigment-free phages ( fig. 5 ). Moreover, esterase activity surrounded the fat vacuole. In contrast to "stage M" yellow fat disease, the interstitial lipofuscinladen macrophages of "stage S" had strong acid phosphatase and 5-nucleotidase activity ( fig. 6, 7) . In these macrophages the intracellular localisation of both phosphatases was also outside the pigment globules. Nonspecific esterase activity of interstitial macrophages was negative in "stage M" and "stage S". Eight weeks after weaning "stage S" yellow fat disease occurred in the subcutaneous fat with the same enzyme histochemical characteristics as described for the gonadal fat 2 weeks after weaning.
Gonadal fat of rats 4 and 8 weeks after weaning showed "stage E" yellow fat disease with extensive steatitis and steatosis. Excluding the areas with steatosis, the nature and enzyme histochemical characteristics of the changes in adipose tissue was the same as in "stage S" but the extent of the degenerative process had increased. Steatosis areas, characterised by fat cell degeneration with very slight inflammatory reaction, had strong 5-nucleotidase and nonspecific esterase activity ( fig. 8-10 ). Acid phosphatase activity was almost nil because of the few macrophages in this area.
All other microscopically normal HE-stained fat cells in all stages of yellow fat disease had enzyme-histochemical properties identical to fat cells of control animals. Acid phosphatase activity was negative, 5-nucleotidase activity was weak and there was a strong nonspecific esterase activity in fat cell cytoplasm. Table I1 summarises the enzyme histochemical characteristics of the different stages of fish oil-induced yellow fat disease in the rat,
Discussion
Adipose tissue in various stages of fish oil-induced yellow fat disease in the rat had the same acid phosphatase and 5-nucleotidase activity pattern as in similar may have several causes. Phagocytosis of less digestible products will induce a smaller production of hydrolase activity than the intake of an equal amount of digestible substrate [ 11. The omission of hydrolase activity after phagocytosis, however, may depend on impaired protein synthesis. During the formation of lipofuscin, reactive parts, such as fatty acid peroxides [12], will occur and may cause intracellular membrane damage and decreased protein synthesis.
Increased acid phosphatase and 5-nucleotidase activity in the interstitial macrophages occurred when fat cells degenerated. Although these macrophages were never close to damaged fat cells, debris may have been released. The increased 
(F).
hydrolase activity then could be the result of phagocytosis of these more digestible substrates. The intracellular localisation of enzyme activity outside the lipofuscin globules supports this suggestion. Identical observations were made in residualbody-containing spleen macrophages [2].
As in porcine yellow fat disease [3] the affected adipose tissue of the rat [5] was characterised by areas of fat cell degeneration (steatosis) and areas of inflammation (steatitis). In the pig and rat, macrophages in steatitis areas had strong acid phosphatase and 5-nucleotidase activity. The intracellular localisation of enzyme activity outside the lipofuscin globules may have the same cause as the localisation in interstitial macrophages. The similar intracellular localisation of both phosphatases in positive macrophages indicates a lysosomal nucleotidase [8]. In addition, the fat cells in steatitis and steatosis areas had increased 5-nucleotidase activity. Because few macrophages were in steatosis areas, the association between 5nucleotidase activity and fat cells in these sites was convincing. As in many other tissues [13], the subcellular localisation of 5-nucleotidase in the fat cell will be the plasma membrane. Activity in lysosomes is unlikely because lysosomes are rare in fat cells. These findings in the rat agree with those for the pig. We believe that the increased 5-nucleotidase activity of fat cells in yellow fat disease is a result of plasma membrane damage. A similar finding of increased 5-nucleotidase activity in liver cells of ducklings on a vitamin E-deficient diet [9] supports this. Activity of 5-nucleotidase differed from other plasma membrane markers in that it was activated when membrane lipids were affected [l 11.
In contrast to porcine yellow fat [3] steatitis and steatosis areas in rat adipose tissue had increased nonspecific esterase activity in some macrophages and around the fat vacuole. Because there was strong esterase activity in steatosis areas, where macrophages were few, and because there were few positive macrophages After such membrane damage the intracellular triglyceride might be exposed to hydrolysis by pancreatic lipase, which propagates in an accelerating manner.
This lipolytic activity in degenerating adipose tissue was demonstrated histochemically [ 101 and biochemically [15] . In yellow fat disease identical observations were made, although in this disorder the increased esterase activity is an endogeneous process of adipose tissue. Comparison of the results of studies in pigs, minks and rats showed similarities in the activity and site of acid phosphatase and 5-nucleotidase in adipose tissue in yellow fat disease. The low activity of both enzymes in the interstitial macrophages in "stage M" yellow fat disease will result from phagocytosis of less-digestible lipid-like substrates. Stimulation of phosphatase activity was noticed when fat cell degeneration occurred and more digestible fat cell debris was phagocytised. 6 GOMORI, G.: Microscopic histochemistry; principles and practice. University Press,
